A dose estimation by chromosome analysis was performed on the 3 severely exposed patients in the Tokai-mura criticality accident. Drastically reduced lymphocyte counts suggested that the whole-body dose of radiation which they had been exposed to was unprecedentedly high. Because the number of lymphocytes in the white blood cells in two patients was very low, we could not culture and harvest cells by the conventional method. To collect the number of lymphocytes necessary for chromosome preparation, we processed blood samples by a modified method, called the high-yield chromosome preparation method. With this technique, we could culture and harvest cells, and then make air-dried chromosome slides. We applied a new dose-estimation method involving an artificially induced prematurely condensed ring chromosome, the PCC-ring method, to estimate an unusually high dose with a short time. The estimated doses by the PCC-ring method were in fairly good accordance with those by the conventional dicentric and ring chromosome (Dic+R) method. The biologically estimated dose was comparable with that estimated by a physical method. As far as we know, the estimated dose of the most severely exposed patient in the present study is the highest recorded among that chromosome analyses have been able to estimate in humans.
INTRODUCTION
Chromosome aberrations in the peripheral lymphocytes are the most reliable indicator in a biological dose estimation. In the conventional method for radiation dosimetry, we score marker aberrations, such as dicentric and ring chromosomes as well as fragments among chromosomal aberrations in the lymphocytes, and estimate the dose. However, when the exposed dose is high, it becomes difficult to apply this method, because not only the number of the lymphocytes in blood cells is reduced, but also the cell cycle is delayed to reach the metaphase. Therefore, it is not possible to make a chromosome preparation containing a sufficient number of metaphase cells necessary for a dose estimation, as routinely done in cytogenetical dosimetry.
In the criticality accident in Tokai-mura that occurred on September 30, 1999, the three workers at the site were severely exposed to neutrons and γ-rays. The drastically reduced number of the lymphocytes indicated that the whole-body dose of radiation which they had been exposed to was unprecedentedly high. We thus applied a high-yield chromosome preparation method 1) to prepare chromosome slides. This method concentrated the lymphocytes, increased the recovery rate of the sedimentary cells by centrifuging, and made the frequency of analyzable cells very high. In this way, we could obtain a sufficient number of analyzable cells from 4 ml of blood, even in a metaphase sample 48 hours after the accident. For a chromosome analysis we applied two different methods: a) the new dose-estimation method involving an artificially induced prematurely condensed ring chromosome (PCC-ring) 2) and b) the standard method utilizing dicentric and ring chromosomes (Dic+R). The analysis by the PCC-ring method gave a rough, but quick, estimation of the doses 53.5 hours after the first blood collection. Although the analysis by Dic+R frequency was very time-consuming and technically very challenging, it gave accurate estimations of the doses. It also confirmed that the doses obtained early by PCC-ring were reliable.
The present report describes a cytogenetical dose estimation performed on 3 severely exposed patients, whom we refer here as A, B and C in order of severity.
MATERIALS AND METHODS
Three male patients were transported to the National Institute of Radiological Sciences 5 hours after the accident. Peripheral blood for chromosome analyses was obtained 3 times: 9 hours, 23 hours and 48 hours after the accident. The fraction of lymphocytes in the white blood cells in the 9 hour-samples of the patients was already reduced to as low as 1.9% (A), 2.1% (B) and 15% (C), respectively. The corresponding normal values are between 25-48%. The absolute number of lymphocyte counts of the most severely exposed patient A became zero on the third day after the accident.
Chromosome preparations were made according to our improved methods 1, 2) for high-dose exposure cases as follows. About 8 ml of the peripheral blood was obtained each time from each patient. Lymphocyte-rich mononucleated cells, separated with VACUTAINER CPT tubes (Becton Dickinson Co., Ltd.), were mixed with 12 ml of culture medium consisting of 9.6 ml of a RPMI 1640 solution, 2.4 ml of calf serum, 0.72 mg of Kanamycin, and 0.24 ml of PHA, and then divided into two 15 ml centrifuge tubes. One tube was processed for the preparation of scoring Dic+R, and the other was used for a PCC-ring analysis. Both of them were cultured in the CO 2 incubator for 48 hours at 37°C. The former was supplemented with 0.3 µg Colcemid at the start of the culture. The latter was treated with 500 nM Okadaic acid for the last one hour of the culture. The cultured cells were collected by centrifugal sedimentation, treated with a 0.075 M KCl hypotonic solution for 20 minutes at 37°C, fixed with 1:3 acetic alcohol three times, and stored at -20°C in the freezer for more than 3 hours. Air-dry slides were made in a warm and humidified box 3) and densely stained with Giemsa's solution.
Chromosome aberrations were scored under a microscope equipped with an automated stage controlled by a computer. All locations of the analyzed metaphase cells on a slide were recorded by computer and the cells including normal cells were repeatedly examined. All of the cells carrying the aberrations were photographed. A multicentric chromosome with n centromeres was counted as n-1 dicentric chromosomes. The dose was estimated in equivalent dose to 60 Co γ-rays or to X-rays, whose radiation quality factor was considered to be unity. A dose (GyE') estimation by the PCC-ring was made by comparing the observed data with the experimentally obtained values in the dose response of the PCC-ring against 200 kV X-rays 2) . A dose (GyE) estimation by the dicentrics and rings in Because the number of dicentric chromosomes saturates at doses above 6 Gy, due to the limited number of human chromosomes 6) , i.e., the theoretical maximum number of dicentric chromosomes is 45 (46-1) in humans. Therefore, those doses (GyE'') were estimated by a direct comparison of the observed frequencies with those obtained in a study of 1.9 MeV X-rays (equivalent to γ-rays) by Norman and Sasaki (1966) 6) .
RESULTS AND REMARKS
In the context of the need for immediate planning of clinical treatment, it is essential to estimate the exposed dose as quickly as possible, especially in the case of an accident involving high dose. Therefore, we first performed a PCC-ring analysis, by which we could quickly estimate, though crudely, the radiation dose (Fig. 1) . It was possible by PCC-ring scoring to estimate the doses of all 3 patients 53.5 hours after the first blood collection. The frequencies of PCC-ring per 100 cells in the samples obtained 9 hours after the accident were 150, 77, and 24, respectively. The doses estimated from those PCC-ring values were higher than 20 GyE' (Gy equivalent to 200 kV X-rays) for patient A, 7.4(6.5-8.2) GyE' for patient B, and 2.3(1.8-2.8) GyE' for patient C (Fig. 2) .
Regarding dicentric and ring chromosomes, it was rather easy to score the chromosome aberrations in patient C, while the scoring was very difficult in the other two patients due to the low mitotic index. In the samples of patients B and C, however, the morphology of chromosomes in each cell was sufficiently good to detect the abnormal chromosomes (Fig. 3) . On the other hand, in the sample of patient A it was not rare to find a chromosome with several centromeres, but where the exact number of centromeres was difficult to determine (Fig. 4 ). There were also many fragments in this sample, and it was not always possible to confirm all 46 centromeres per cell. Therefore, we counted conservatively the number of centromeres that could be positively identified in the abnormal chromosomes. This might lead to minimize the number of dicentric chromosomes, and thus the estimated dose of patient A would be lower than the dose he had actually received. Ring chromosomes with a centromere as well as those without a centromere were mixed and counted as ring chromosomes in patient A. The result of scoring dicentric chromosomes (Dic), ring chromosomes with a centromere (Rc), and ring chromosomes with/without a centromere (R) is summarized in Table 1 .
Since in each patient the frequencies of chromosome aberrations were not significantly different among the samples obtained 9, 23 and 48 hours after the accident, the results of these frequencies at three points of time were combined into one for the dose estimation. The estimated doses were 22.6 GyE'' (Gy equivalent to 1.9 MeV X-rays) by Dic and 24.5 GyE'' by Dic+R for patient A, 8.3 GyE'' by Dic as well as by Dic+Rc for patient B (Fig. 5) , and 3.0 (2.8-3.2) GyE (Gy equivalent to 60
Co γ-rays) by Dic+Rc for patient C, respectively. These estimated doses were in good accordance with those estimated by the PCC-ring analysis. As far as we know, the estimated dose of the most severely exposed patient in the present study is the highest recorded among the doses that chromosome analyses have been able to estimate in humans.
A comparison of the estimated doses with the physically estimated dose is given in Table 2 . Co γ-rays, dose-response curves of Dic+R, Dic+Rc, and Dic for 1.9MeV X-rays (after Norman and Sasaki, 1966) 6 , and the estimated doses of patients A( ) and B( ). Na is reported by Ishigure et al. 7) in this issue. The doses estimated by chromosome analyses were in good agreement with the doses estimated by the 24 Na measurement when the neutron's RBE was assumed to be 1.5-2.0.
Stem cells were transplanted in patients A and B. The transplantation was successful in both patients. The transplanted cells were gradually replaced by the host cells in B. Unfortunately, * Equivalent dose to X or γ-rays ** Ishigure et al. 7) , when neutron's RBE is 1.5-2.0.
patient A passed away 83 days after the accident and patient B at 211 days. Patient C recovered and was released from the hospital 3 months after the accident.
